Introduction
In recent years, the intricate 3D organization that occurs within a single chromosome has become evident. 3C technologies have demonstrated that chromatin interactions occur in a non-random manner along the chromosome arm, separated into regions of highly interacting chromatin named topologically associating domains (TADs). [1] [2] [3] [4] Even more precise interaction mapping has led to the observation that TADs are composed of multiple regions of local chromatin interaction enrichment, which have been named subTADs and contact domains. 1, 5, 6 In this review, we will highlight our study showing that TAD structure is dynamic in response to heat shock, reevaluate the data analyzing TAD structure during cellular differentiation, and propose that the observed cell-type specific TADs are functionally significant, likely representing novel regulatory element interactions leading to novel gene expression patterns. 3, 7 
TAD Structure and Function
Utilizing 2D heatmaps, TADs are readily visualized as regions of enriched chromatin interactions and have been found to span~880 kb -1 Mb in mammals and~60 kb in Drosophila (Fig. 1) . [2] [3] [4] 8 Because 3C techniques are conducted on large populations of cells, the chromatin contacts observed in TADs likely represent multiple, preferred chromatin conformations in a heterogeneous population of cells. 9 Thus, it is still unclear how many intra-TAD interactions represent chromatin contacts occurring simultaneously within a single cell. TADs are segregated by border regions, which have relatively few chromatin interactions occurring across their loci and are correlated with architectural protein occupancy, high gene density, and active transcription in both flies and mammals. 3, 4, 10 To date, flies and mammals appear to have one distinction in TAD border identity. In flies, TAD borders are strongly correlated with architectural protein sites that bind > 8 distinct architectural proteins, while mammals have a reverse-forward CTCF motif orientation Keywords: architectural proteins, chromatin, CTCF, differentiation, epigenetics, heat shock, insulators, TAD, 3D architecture at TAD borders. [10] [11] [12] However, future identification of additional mammalian architectural proteins and a careful analysis of the CTCF motif orientation in Drosophila could indicate that the mechanisms of TAD border specification are conserved between mammals and invertebrates. Although the functions of TADs are still poorly understood, TADs have been implicated in replication regulation because TAD borders are highly correlated with the early/late replication domain boundaries and also as important contributors to transcriptional regulation. 13 There are multiple lines of evidence suggesting that TADs represent compartmentalized regulatory environments. Both fluorescent in situ hybridization (FISH) and 4C analysis have confirmed that intra-TAD interactions occur at a higher frequency than inter-TAD interactions. FISH studies demonstrated that equally spaced genomic loci are in closer spatial proximity if they are intra-TAD compared to inter-TAD, consistent with HiC interactions representing genomic loci interacting in 3D. 1 Furthermore, 4C analyses utilizing cohesin/CTCF binding sites as anchors showed that the anchor interactions occurred predominantly within TADs, confirming the preferential intra-TAD interactions observed by HiC.
14 In addition, there is both correlative and functional evidence to suggest that TAD structure influences which enhancer-promoter interactions occur. First, temporal regulation during development is most highly correlated for genes that are intra-TAD, consistent with genes within TADs having an at least partially shared regulatory environment. 1, 15 In addition, a 58 kb deletion in the Xist region that removed a TAD border caused ectopic interactions resulting in a partial merging of neighboring TADs and, of particular interest, misregulation of genes within the novel TAD. 1 However, the use of such a large deletion made drawing a direct association between TAD borders and gene regulation challenging. A recent study analyzing inversions and deletions around the WNT6, EPHA4, and PAX3 gene locus, whose precise regulation is required for proper limb development, strongly supports the notion that TAD border elements are critical for the compartmentalization of chromatin interactions. Deletions that included TAD borders or inversions that changed the relative position of genes to the TAD borders both resulted in ectopic interactions extending to the next most proximal TAD border, altered gene expression, and ultimately limb malformations. 16 Furthermore, Lupiañez et al. demonstrated that ectopic interactions only occurred with deletions that included the border element containing the CTCF binding site, providing the strongest evidence to date that TAD structure is functionally relevant in chromatin interaction compartmentalization. 16 However, it is still unclear if the enriched long range chromatin interactions observed within TADs are a cause or simply a consequence of compartmentalized long range chromatin contacts.
Compartmentalization within TADs
TADs are composed of smaller regions of enriched chromatin interactions occurring over shorter genomic distances that have been named subTADs and contact domains (Fig. 1) . 1, 5, 6 For example, a genomic locus encompassing 6 TADs in mouse embryonic stem (mES) cells contains 51 subTADs, suggesting that Figure 1 . TAD dynamics in response to temperature stress and cellular differentiation. Cartoon schematic illustrating the non-random chromatin interactions occuring along a chromosome, resulting in enrichments that have been named TADs and subTADs. The strength of chromatin interactions is depicted in red. The directionality of chromatin interactions is at least partially regulated by the orientation of CTCF sites in the genome, and has been shown to correlate with both subTAD and TAD borders. A visual depiction of the TAD border strength, a quantitative analysis of the ratio of inter-TAD and intra-TAD interactions surrounding the locus, is shown in green. Temperature stress: After heat shock, a dramatic restructuring of the 3D architecture occurs with a striking increase in inter-TAD interactions. Variability is observed in the architecture of both subTADs (shown in blue) and TADs (depicted by changes in border strength). Differentiation: During differentiation, cell-type specific enhancer-promoter interactions result in alterations in the subTAD structure (shown in blue). We propose that regions of highly variable subTAD structure also correspond to regions of variable TAD structure (illustrated by the increase in border strength), while regions of low variability in subTADs likely correspond to conserved TADs between cell types.
subTADs are approximately 10-fold smaller in scale than TADs. 5 Consistent with additional compartmentalization within TADs, a single TAD often contains both repressive and active chromatin signatures and genes expressed at similar but distinct levels.
1,2 From a functional perspective, subTADs have been proposed to represent cell-type specific long range enhancer-promoter contacts, because subTADs exhibit a high level of variability during differentiation. 1, 5 Thus, understanding the molecular mechanisms governing subTAD interactions could have important implications on the regulation of gene expression. A recent analysis of the protocadherin locus demonstrated that the orientation of CTCF binding sites affects subTAD interactions within this locus. Guo et al. observed that the CTCF motif is arranged in a reverse-forward orientation at the border of subTADs and that this is functionally significant because inversion of the CTCF motif using CRISPR-mediated genome editing changed the directionality of the chromatin interactions. 17 The relevance of CTCF orientation genome-wide was highlighted by analyses showing that interactions defined by CTCF ChIA-PET studies or high resolution HiC are highly correlated with CTCF motifs in the convergent orientation. 6, 17 Based on these observations, it is intriguing to speculate that the impact of cell-type specific CTCF occupancy on 3D chromatin architecture will be dictated by the combination of occupancy and orientation of CTCF sites bound in each cell. 18, 19 Overall, the discovery of subTADs suggests that the TADs are composed of smaller building blocks of organized chromatin interactions.
The Dynamics of 3D Architecture during Differentiation
A number of studies analyzing TAD dynamics in response to cellular differentiation demonstrated that while the majority of TADs are invariant between cell types, a subset of TADs are variable. 1, 3, 20 One clear example of conservation of TAD structure between cell types was recently demonstrated for the EPHA4 locus. 4C analysis validated that 3 TADs across the WNT6, EPHA4, and PAX3 locus are conserved between mouse ESCs and limb bud cells and that manipulating the TAD borders resulted in ectopic interactions. 16 However, genome-wide analysis of TAD dynamics during differentiation provided clear evidence that a significant portion of TADs are also variable. 3 Specifically, 678 out of 1967 (34.5%) of TADs detected in human ESCs are not present in lung fibroblasts (IMR90), while 504 out of 1793 (28.1%) of TADs identified in lung fibroblasts are absent in ESCs. 3 Thus, out of the total of 2471 TADs detected in these 2 cell types, only 1289 (52.2%) were found in both ESCs and lung fibroblasts. 3 Thus, the evidence seems to suggest that while a portion of TAD borders are conserved, TAD structure also varies between cell types. We acknowledge that some of the variability in TAD borders during differentiation could be explained by technical variance alone. However, a recent HiC analysis comparing H1 human ES cells, and 4 ESderived lineages (mesendoderm, mesenchymal stem cells, neural progenitor cells and trophoblast-like cells) found that 85-90% of TADs were reproducible within each cell type, suggesting that the reported variation in TAD borders between ESCs and lung fibroblasts could be biologically significant. 3, 20 Of particular interest to this discussion is the fact that cell type specific chromatin interactions have been detected by HiC methods but have been attributed to alterations in subTAD structure. 1, 5 There are many demonstrations of cell type specific subTADs in the literature. For example, HiC analysis of the protocadherin locus in SK-N-SH, H1 hESCs, and nuclear progenitor cells showed that the 2 subTADs encompassing the Pcdha and Pcdhb/g locus were largely conserved while the neighboring 6 subTADs showed a high level of variability. 17 In addition, in vitro differentiation of mESCs with retinoic acid caused the loss of a subTAD over the HoxD locus. 21 These locus-specific observations along with 5C studies have led to the conclusion that subTADs represent cell type specific enhancer-promoter interactions. 1, 5 A genome-wide analysis of high resolution chromatin interactions, which were comparable in size to subTADs, between 6 different human cell types demonstrated that 68.2% and 58.9% of chromatin loops found in B-lympho-blastoid cells were conserved between mesodermal cell lines compared to nonmesodermal cell lines, respectively. 6 Thus, it is plausible that the variable chromatin interactions observed between cell types is biologically significant and gives rise to the variability detected between subTADs during differentiation.
It seems unlikely that subTADs undergo dynamic changes during differentiation while TADs remain static because of 2 particular lines of evidence. First, one recent polymer modeling analysis, which was robustly tested against experimental 5C data, demonstrated that disrupting intra-TAD interactions caused a reciprocal increase in inter-TAD interactions, suggesting that these 2 events are inextricably linked. 9 Consistent with this hypothesis, nearly all of the experimental manipulations of TAD structure including heat shock stress, knockdown of individual architectural proteins, or transcriptional inhibition have affected both intra-and inter-TAD interactions in a reciprocal manner. 7, 14, 22, 23 Thus, if subTAD structure is changing, which is representative of intra-TAD interactions, one would expect an alteration in the TAD structure itself. Second, subTAD and TAD borders appear to be formed by an at least partially conserved molecular mechanism. Both subTAD and TAD borders are correlated with specifically oriented CTCF motifs, suggesting that specific CTCF occupancy could be a critical regulator in determining the directionality of 3D chromatin interactions. 11, 17 Because CTCF occupancy has been shown to be regulated by DNA methylation in a cell-type specific manner, one would then hypothesize that both subTAD and TAD border occupancy would be affected. 18, 19 However, we cannot discount that there other distinct molecular mechanisms differentiating subTAD and TAD borders. For example, conserved CTCF sites are enriched at TAD borders compared to intra-TAD regions, which could explain why subTAD borders are more affected by cell-type specific CTCF occupancy. 11 Even with this distinction in CTCF conservation between TAD and sub-TAD borders, we propose that because the www.tandfonline.commolecular mechanisms generating subTAD and TAD borders are at least partially shared, one would expect both subTAD and TAD borders to be affected to some extent during cell-type specification.
Finally, we propose that the observed changes in TAD structure during differentiation may become even more dramatic if a quantitative measure of border strength, which quantifies the ratio between inter-TAD interactions and intra-TAD interactions on both sides of the border, is utilized rather than the presence or absence of a TAD border. 7, 10, 14 Many studies that evaluate TAD conservation between cell types show that genome-wide chromatin interactions are highly correlated, which is consistent with a conserved TAD structure. 1, 14, 20 However, a more quantitative analysis of TAD borders may reveal that although a TAD border does not change physical position between cell types, the strength of the border may vary between cell types, indicative of novel, biologically significant chromatin interactions. For example, a recent analysis of the differentiation of human ES cells into 4 separate lineages demonstrated that 36% of the genome switches between the active A and inactive B genomic compartments, with a subset of the switched regions corresponding to a single TAD. 20 Because two genomic loci within the same compartment interact more frequently than loci in separate compartments, one would predict that the border strength between 2 neighboring TADs in compartment A would strengthen if one TAD switches to compartment B during differentiation. 24 Thus, we support the model that TAD structure is at least partially plastic during cellular differentiation and undergoes remodeling consistent with cell type specific transcriptional profiles.
The Dynamics of 3D Architecture after Stress
To test the hypothesis that alterations in 3D chromatin architecture are functionally representative of differential gene expression profiles, we evaluated the impact of heat shock, a physiological stress that induces a rapid change in transcription, on chromatin interactions. 7 We utilized HiC to map the chromatin interactions after heat shock and observed a striking redistribution of interactions compared to normal temperature: a decrease between neighboring loci within TADs and an increase in long range inter-TAD chromatin interactions. 7 Notably, the novel heat shock-induced chromatin interactions occur among enhancers and promoters over very long distances, and are enriched for Polycomb, suggesting that the altered 3D chromatin interactions may be a mechanism for establishing the transcriptional cessation that occurs after heat shock. 7 To determine whether these altered chromatin interactions affect the global 3D architecture, we measured TAD border strength. 10, 14 We observed a reduction in the border strength for the majority of HindIII fragments across the genome after heat shock, consistent with the observed increase in inter-TAD interactions and a weakening of the TAD borders defined under normal temperature. 7 Notably, a subset of fragments exhibited an increase in border strength, possibly indicating the formation of novel TAD borders after heat shock. 7 Altogether, these observations indicate that TAD structure is dynamic in response to stressinduced changes in gene expression.
Next, we investigated the molecular mechanisms regulating heat shock-induced changes to 3D chromatin architecture. Because heat shock is associated with both transcriptional downregulation and the redistribution of architectural protein occupancy, we conducted experiments to distinguish the contribution of both to TAD plasticity. We conducted HiC on cells treated with 2 transcriptional inhibitors, triptolide or flavopiridol, and measured the effects on global 3D chromatin structure. Consistent with heat shock treatment, both triptolide and flavopiridol induced a decrease in intra-TAD interactions, an increase in inter-TAD interactions, and alterations in TAD border strength. 7 However, the changes in chromatin architecture after transcriptional inhibition were far less pronounced than after heat shock, suggesting that other mechanisms also contribute to TAD dynamics. Consistent with a functional role of architectural proteins in driving TAD dynamics, we observed a strong correlation between architectural protein occupancy and changes in border strength after heat shock. The architectural protein occupancy decreased at the TAD borders defined under normal temperature and redistributed to non-border sites, indicative of the formation of novel heat-shock specific TAD borders and a partial loss of the normal temperature TAD borders. 7 To assess the functional contribution of architectural proteins, we conducted knockdown experiments of 2 different architectural proteins: Rad21, a cohesin subunit, and CAPH-2, a condensin II subunit. Similar to transcriptional inhibition, the knockdown of individual architectural proteins caused analogous but weaker changes to 3D architecture when compared to heat shock. Notably, cells depleted of Rad21 and subjected to heat shock showed a marked increase in border strength compared to wild type cells subjected to heat shock, indicating that Rad21 may be critical in mediating the novel chromatin interactions that induce heat shock-mediated changes in 3D chromatin architecture. 7 Altogether, the knockdown analysis and observed architectural protein redistribution after heat shock strongly suggest that architectural protein occupancy and their functional role in mediating long range chromatin interactions is a key contributor to the plasticity of 3D architecture.
Conclusions
In this review we highlight studies demonstrating that, although a large fraction of TAD structure is invariant between cell types, a subset of TADs are variable. We speculate that the observed differences in TAD organization between cell types are a biologically significant representation of celltype specific gene expression. This is supported by the observation that changes in gene expression during a physiological response to temperature stress is accompanied by changes in 3D chromatin architecture. Of particular interest, the effects on 3D architecture observed after heat shock stress do not strongly alter the appearance of TAD structure when visualized on 2D heatmaps, similar to what has been observed during cellular differentiation. Thus, we suggest that the alterations in 3D chromatin organization during differentiation may be more significant than previously reported if a quantitative analysis such as TAD border strength is utilized instead of measuring conservation of TAD borders. Because TADs are representative of 3D chromatin interactions, we believe that a partially conserved and variable TAD structure is more consistent with the transcriptional profiles observed between different cell types. The conserved 3D chromatin contacts between cell types likely represent enhancer-promoter interactions of housekeeping genes, while the variable TAD structure is generated by cell type specific long range interactions.
Furthermore, our analyses of 3D chromatin architecture during the heat shock response suggest that while both transcription and architectural protein occupancy contribute to the stress-induced changes in chromatin interactions, architectural proteins may play a more important role. This finding has key implications in understanding the mechanisms regulating the dynamics of cell-type specific TAD structure. We propose that novel cell-type specific enhancer-promoter interactions are mediated by cell-type specific architectural protein occupancy, resulting in altered chromatin interactions and a subset of variation within the TAD structure. This model could be tested in mammalian cells by analyzing the occupancy and orientation of cell-type specific CTCF sites in the genome and comparing sites of differential CTCF occupancy to changes in the global 3D architecture. Overall, our recent findings and the data highlighted in this review support a model suggesting that cells can modulate architectural protein occupancy in order to alter the 3D chromatin architecture of the genome in response to physiological stress and perhaps differentiation cues to establish new patterns of gene expression.
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